I. INTRODUCTION
To deal with environmental problems and fossil energy shortage, electrical and hybrid vehicles are becoming more and more popular. Using a fuel cell (FC) as the main source of energy for a vehicle for example enables operating without any emission. This kind of environmentally friendly technology has been developed for several decades, and bring less air pollution, less oil dependence as well as less greenhouse gases emissions. Fuel cell vehicles (FCVs) have high efficiency, low weight and controllability. However, they have several disadvantages such as a high cost, and limited durability and reliability. The main short point of a fuel cell is its slow power dynamics, in order to increase its useful life. Therefore, a hybrid source system is necessary for a FCV.
Proton Exchange Membrane (PEM) FC power plants have been found to be especially suitable for hybrid energy systems among the various types of FC systems because of their high power density and low operating temperature [1] . A. Tofighiet al. [2] and M. Becherif et al. [3] applied the dynamic modelling of PEMFC/battery DC hybrid system where the fuel cell is the main power source and the battery is a transient power source. The passivity-based control is used in theses two researches.
However, sometimes batteries cannot support the high power charge and discharge conditions [4] . Therefore, the FC is also usually associated with super-capacitors (SCs) for their high dynamics. Super-capacitors can even operate at low temperatures and are industrially manufactured [5] . They are probably the best choice for fast power demands [6] .
There are many researches which combined the FC with SCs [7] - [8] or applied one more element such as battery [9] , [10] or wind turbine [11] . Different methods of contol has been used in theses researches such as fuzzy logic and passivity-based controller [7] or the Model Predictive Control (MPC) [10] . In [12] a Lyapunov-based nonlinear control is designed on the basis of the nonlinear averaged model of a fuel cell/supercapacitor hybrid system for electric vehicle. In the aspect of electric structure, in general, there are three types of electric architectures of hybrid systems: series, parallel and cascade [13] . The parallel architecture is proven to be the most suitable one [14] . In a parallel structure, one converter or two converters architectures are possible [5] , [15] .
In this paper, the Interconnection and Damping AssignmentPassivity Based Control (IDA-PBC) is applied. This nonlinear controller uses matrices that are related to the interconnection between the subsystems and the damping of the system to find a desired command that achieves the stability of the whole closed-loop system which is also applied in [16] and [17] . M. Hilairet et al. [4] , [18] , [19] applied IDA-PBC for a regular two converters parallel system with fuel cell and SCs. The main idea of their energy management strategy is to use the fuel cell to supply the load and use the SCs during transients in order to stabilize the DC bus, with a proof of the stability of the whole closed-loop system. However in these researches, some term of the general control have been fixed to zero in order to recover regular control strategies. In this paper, we propose to exploit all the terms of the general non-linear control in order to integrate some components constraints directly in the control while preserving the stability of the whole closed-loop system.
II. HYBRID SYSTEM MODELING
In this paper, a two converters parallel structure is applied in a fuel cell/super-capacitors system shown in Fig.1 The model of fuel cell is a static model [20] , where FC voltage v f c is computed according to experimental current stack i f c by a 5 th order polynomial function [4] as shown in Fig. 2 . SCs can be charged or discharged, so they are connected to the DC bus through a reversible boost converter as shown in Fig. 1 . The load is modelled by a variable resistance circuit (R l (t)), whose value varies according to the power required by the load.
It follows that the complete system is represented by the 5 th order nonlinear state space model: 
where α 1,2 are the duty cycle of the converters, v b (t) is the DC link voltage, v f c (t) is the FC voltage, v sc (t) is the SCs voltage, i l (t) is the DC current delivered to the load, i f c (t) is the FC current and i sc (t) is the SCs current, with state space
T , measures y(t) = x and v f c . Fig. 3 shows the control architecture with two converters parallel structure. In this architecture, two fast inner current [4] control loops based on PI controllers are applied to protect the equipments. To control the DC bus voltage and state of charge of the SCs, there are two slow outer-loop controllers based on passivity approach. In order to design the outer-loop controller, we can assume that L f c and L sc are small compared to the other parameters, the system is called a singular perturbed system, because of the difference of time scale between the voltages and the currents. Therefore, the 5 th order non-linear state space model can be reduced to a 3 th order non-linear state space model, as follows:
T , measures y r and z r as
III. CONTROLLER DESIGN USING IDA-PBC
The passivity-based control (PBC) is a generic name to define a controller design methodology that stabilizes the system by rendering it passive. There are two large groups of PBC -"regular" PBC and the IDA-PBC methodology. In the "regular" PBC, the designer chooses the storage function (usually quadratic in the increments), and then designs the controller that makes the storage function non-increasing [21] . Conversely, in the IDA-PBC methodology, the storage function is not fixed, but a desired structure of the closed-loop system is selected by the designer such as Lagrangian or portcontrolled Hamiltonian (PCH). The most notable examples of this approach are the IDA-PBC methods presented in this paper.
The objective of IDA-PBC is to find a static state-feedback control u(x) = β(x) such that the closed-loop dynamics is a Port controlled Hamitonian system with the interconnection and the dissipation of the form:
where
is the natural energy function of the system, J d (x) is a skew-symmetric matrix of dimension n × n representing the interconnections between states, and R d (x) is a positive semi-definite symmetric matrix representing the natural damping of the system. To rewrite the system in the form of (7), the first step is to rewrite a nonlinear system:
to PCH form as follows:
where the gradient of the energy function:
is a skew-symmetric matrix of dimension n × n representing the interconnections between states, and R(x) = R T (x) ≥ 0 is a positive semi-definite symmetric matrix representing the natural damping of the system.
Assume that there are matrices
takes the PCH forṁ
) with x * ∈ ℜ n the (locally) equilibrium to be stabilized. The system is asymptotically stable if x * is an isolated minimum of H d (x) and if the largest invariant set under the closed-loop dynamics (10) 
The stability of x * is established noting that, along the trajectories of (10), we havė
Hence, H d (x) is qualified as a Lyapunov function and the closed-loop system is asymptotically stable. In practice, the main objective of IDA-PBC is to assign the state point
, with v * b and v * sc the DC bus and SCs desired voltages. In this work, the energy function H d is chosen as a Lyapunov function
withx r = x r − x * r and Q = diag(C, C sc , L). With the above equations, the PCH system can be expressed by the error and the gradient of desired closed-loop energy function:
with
Csc i * sc ; 0 Solving the algebraic equation in J d (x) and R d (x) with the constraint of skew-symmetry and positive semi-definiteness of J d (x) and R d (x) respectively, with the two unknown matrices equal to:
leads to the matching equations:
that is the departure point for the design of general or specific controllers. One proposition detailed in [4] 
CL , and J 23 = 0 with r 1 > 0 and J 12 < 0, which leads to the non-linear control law:
so that the closed-loop system responds to the following dynamics:ẋ
Afterwards, the general non-linear controller has been refined tacking into the following constraints:
• It does not seem judicious that the FC current participates in the control of the DC bus voltage. So, tuning parameters r 1 and J 12 are set equal to x2 α x1C 2 and − α CCsc with α > 0, such that the right hand side of (13) is canceled.
• In order that the super-capacitors are managed only the DC bus voltage as in the control proposed in [15] , the tuning parameter r 2 is set equal to zero. • Equ. 13 shows that for the implementation of the proposed controller, the knowledge of the load resistance (R l ) is needed for the computation of the FC reference current. One solution consists in fixing 1/R l equal to zero in the control and a low integrator action needs to be added in order to counteract the unknown load resistance and converter loses in a practical application, while preserving the stability properties. The control law is now as follows:
IV. ADVANCED POWER MANAGEMENT STRATEGY

A. Introduction
The main idea of the new strategy is to consider all the terms of the control strategy that the previous method ignored. Firstly, to simplify the notations, we set
and split equ. 13 and 14 based on equ. 16 to 18, to obtain the new control as:
where i * * f c and i * * sc are the new references current for the current controllers. The challenge of the new method is to determine the values of r 2 and δ, so that the new term could be useful for the control of the system.
B. Values of r 2
In practice the SCs voltage can fluctuate in a bound [v scl , v sch ]. Out of these limits, some constraints are added to the SCs reference current i * sc in order to limit the charge or discharge of the SCS depending of the mode of operation. These limitations can be represented by the specific saturation function as shown in Fig. 4 .
Here, the main idea of the new strategy is to take into account this saturation directly into the controller in order to preserve the stability property of the passivity controller, as follows:
• If the voltage of the SCs is low (v scL < v sc < v scl ), limit the discharge of the SCs during a discharge operation or accelerate the charge during a generating mode of the load. r 2 is fixed linearly dependent withṽ sc .
• If the voltage of the SCs is high (v sch < v sc < v scH ), limit the charge during a generating mode of the load or accelerate the discharge during a discharge operation. r 2 is fixed linearly dependent withṽ sc . • Otherwise (v scl ≤ v sc ≤ v sch ), r 2 is equal to zero, so that the controller operates normally as the previous release of the controller (i.e. equ. 16 to 18). In order to respect the property of R d (x), r 2 is always fixed positive as shown in Fig. 5 . Moreover, the value of r 2 needs to imply implicitely that the reference current i * * sc is equal to zero when v sc is equal to v scL or v scH . The value of r 2 can be calculated as follows:
• When v sc = v scL , C sc (CJ 12ṽb + r 2 C scṽsc ) = 0, so that i * * sc = 0 and implicitly doesn't allow that v sc is lower than v scL . Therefore :
where r 2 is equal to −β Lṽb when v b is lower than v * b (generally during discharge mode) otherwise β Lṽb (generally during generative mode of the load), with β L > 0 so that r 2 is always positive.
• When v sc = v scH , C sc (CJ 12ṽb + r 2 C scṽsc ) = 0, so that i * * sc = 0 and implicitly doesn't allow that v sc is greater than v scH . Therefore:
where r 2 is equal to −β Hṽb when v b is lower than v * b (generally during discharge mode) otherwise β Lṽb (generally during generative mode of the load), with β L > 0 so that r 2 is always positive.
C. Advanced control
In order to increase the life time of the fuel cell, δ is fixed to zero. It follows that the control can be summerized as follows:
The different values of r 2 can be summarized as follows:
to limit the discharge of the SCs.
to increase the charge of the SCs compared to the previous control.
to increase the discharge of the SCs compared to the previous control in order to incease the convergence of
to limit the charge of the SCs.
V. SIMULATION RESULTS Fig. 6 shows a comparison between the original control (in blue) proposed in [4] and the new one (in red, see section IV-C). Here, the voltage of SCs is limited between 20.5 V and 21.5 V for the purpose of the test. Fig. 6 .e shows the operation mode of SCs: It follows that SCs current goes to 0 when the voltage exceeds the limitation around 20 and 30 s. In order to counteract the injection of current in the DC bus, the FC current is naturally increased based on equ. 26, and consequently preserves the stability of the whole closed-loop system. Otherwise, during the first and last 20 s, the voltage of the SCs is between 20.5 V and 21.5 V. Therefore, r 2 is equal to zero and we retrieve the original control.
If we look in details between time 20 and 30 s, firstly the SCs are discharged and the saturation function is activated to limit the discharge of the SCs when the voltage of SCs is between 20.5 V and 20.7 V. Secondly, due to the fact theṽ b is positive during a few seconds, the control accelerates the charge of the SCS compared to the original control. The same comments stand between time 30 and 40 s, where the SCs are charged and then the saturation function is activated to limit the charge of the SCs when the voltage of SCs is between 21.3 V and 21.5 V.
VI. CONCLUSION
In this paper, a general control strategy to manage the energy between a hydrogen fuel cell and super-capacitors has been discussed. This new control is based on passivity and integrates some component constraints directly in the controller equations. Thefore it ensures the integrity and an optimal exploitation of the components while preserving the locally asymptotic stability of the whole closed-loop system. 
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